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Executive Summary

Distributed solar is no longer peripheral to grid operations. The U.S. now hosts 4.7 million residential
PV systems; nearly 800,000 were added in 2023 alone.! Germany has 2.5 million rooftop installations
across 57 GW of capacity.? Hawaii operates distribution circuits where solar export exceeds local
hosting capacity on sunny days.® The world has crossed a threshold where millions of small, partly
invisible, inverter-based resources materially shape the daily behavior of the local grid — voltage
profiles, protection coordination, reverse power flow, transformer loading, and interconnection queues.

Yet the operational picture remains fragmentary. Most behind-the-meter solar is not directly visible
to utility operators. Hosting capacity is assessed through infrequent offline studies rather than
real-time physics. Interconnection screening applies conservative rules because the true feeder state
is unknown. Smart inverters sit on feeders but operate largely as isolated devices rather than a
coordinated orchestration layer.

This paper asks a focused planning question:

If the 7 framework is sound, and if it provides a physics-faithful, bounded-error,
coarse-grainable discrete twin of feeder-level weather—irradiance—PV—-load—
voltage—control dynamics, what public good could that unlock for distributed
PV visibility and distribution-grid orchestration?

The answer across all time horizons is: a great deal, and probably on a shorter horizon than many
deeper 7 implications. The official sector agenda is already converging on precisely the capabilities
7 claims to strengthen — real-time feeder state estimation, dynamic hosting capacity, flexible
interconnection, and voltage/protection-aware DER orchestration.**5™® 7 does not need to displace

1U.S. Department of Energy, Distributed Energy Resource Interconnection Roadmayp (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%20DER),20Interc
onnection%20Roadmap . pdf

“Deutsche Energie-Agentur (dena), dena Grid Study IT and dena Distribution Grid Study (2022 update), including
estimates of €100B+ in required distribution network reinforcement through 2045, 2.5M+ German rooftop PV
installations, 57 GW of distributed solar capacity, and assessment of reinforcement avoidance potential with smart grid
tools. See also: Bundesnetzagentur, Annual Report on the State of the Electricity Grid (2023); BMWK, Energiewende
Monitoring Report (2023). https://www.dena.de/en/topics-projects/energy-systems/electricity/

3Hawaiian Electric Company (HECO), Advanced Grid Study (2020); SEPA, Utility Solar Rankings: Hawaii Case
Study; Lawrence Berkeley National Laboratory, Tracking the Sun (annual); NREL, Hawaii Grid Modernization Reports
(2019-2023). Hawaii has more than 75% rooftop solar saturation on Oahu on some circuits; interconnection approval
for affected circuits has historically taken 6—18 months per application. https://www.hawaiianelectric.com/clean
-energy-hawaii/our-clean-energy-portfolio/renewable-energy-sources/grid-modernization

4U.S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%20DER),20Interc
onnection’20Roadmap . pdf

U.S. Department of Energy, American-Made Data-Driven Distributed (3D) Solar Visibility Prize (SETO), including
the need for accurate real-time distributed-solar information and DSSE-based visibility tools. https://www.energy.g
ov/eere/solar/american-made-data-driven-distributed-3d-solar-visibility-prize

5U.S. Department of Energy, Integrating Solar into Day-to-Day System Operations, including the behind-the-meter
visibility problem, real-time solar information needs, and consequences for hosting capacity, reserves, reliability, security,
and resilience. https://www.energy.gov/eere/solar/integrating-solar-day-day-system-operations

"U.S. Department of Energy, Enabling Extreme Real-Time Grid Integration of Solar Energy (ENERGISE), including
open-source ADMS/DERMS capabilities — state estimation, voltage regulation, protection coordination, economic
optimization, interoperability, cybersecurity — tested on 20 feeders across two utilities, and feeder visibility plus
solar-forecast-enabled optimization of active and reactive DER settings through a community of inverters. https:
//wuw.energy.gov/eere/solar/enabling-extreme-real-time-grid-integration-solar-energy-energise

SNREL, Distributed Energy Resource Management Systems, including dynamic PV hosting-capacity estimation,
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incumbents to create value; it needs to outperform them on a set of tractable pilot tasks and earn
its way into the operational stack.

This paper maps that path across six thematic dimensions: the engineering context and 7’s distinctive
propositions (Sections 2-5), the competitive landscape and where 7 adds what incumbents lack
(Section 6), deployment phases and benchmark design (Sections 7-8), real-world case studies at
scale (Section 9), financing pathways (Section 10), and governance principles for responsible rollout
(Sections 11-15).

The deepest finding is not technical. It is this: better distributed-PV visibility is a precondition for
turning millions of small solar assets into a reliable public infrastructure layer. If 7 can
accelerate that transition — by grounding feeder twins in structural physics rather than statistical
approximation — the public-good consequences compound with every additional feeder and every
additional year of adoption.

Reader Stance, Scope, and Caveat Structure

This paper adopts the same stance as the other yellow papers in this series:

1. Assume, for planning purposes, that the strongest 7 claims relevant to distributed
solar and feeder operations are sound.

2. Ask what practical and public-good consequences would follow if those claims were
integrated into today’s distribution-system operations, planning, and interconnection
workflows.

3. Keep clearly separated:

o what official institutions already know and already want,
e what 7 would newly provide under the working assumption,
o and what impact scenarios are reasoned planning inferences rather than official forecasts.

2.1 Scope of this paper

This is Paper 2 of 5 in the solar/PV opportunity portfolio and focuses on:

o distributed-PV visibility and behind-the-meter disaggregation,

o feeder-level distribution system state estimation (DSSE),

e dynamic hosting-capacity analysis,

¢ interconnection workflow acceleration,

e dynamic operating envelopes and flexible interconnection,

« voltage/protection-aware DER orchestration,

o and the public-good deployment story around these capabilities.

2.2 Explicitly out of scope for Paper 2

Deferred to other papers in this series:

Paper 1: 7-grade solar forecasting for bulk-grid operations and market dispatch;
Paper 3: 7 for solar-plus-storage, microgrids, and critical-infrastructure resilience;
Paper 4: 7 for PV asset protection, storm-hardening, and long-term system planning;
Paper 5: 7 for solar-synchronized flexible demand and grid logistics.

localized inverter optimization, state-estimation use, online DERMS, and flexible interconnection. https://www.nrel
.gov/grid/distributed-energy-resource-management-systems.html
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2.3 Yellow-paper status

This paper does not claim that the broader power sector has accepted the 7 assumptions. It asks
what would follow if those assumptions were true enough to matter operationally. Impact claims are
planning inferences grounded in official sector data, not official forecasts.

Why Distributed PV Visibility and Feeder Orchestration Are a First-
Tier - Opportunity

3.1 Distributed solar is already large enough to change distribution operations

DOE’s 2025 DER Interconnection Roadmap makes the scale explicit. Between 2010 and 2023, U.S.
residential PV systems grew from 89,000 to 4.7 million, with nearly 800,000 new residential
systems added in 2023 alone.” NREL analysis cited in that roadmap projects distributed PV could
reach 190 GW by 2035.!° Globally, the IEA estimates that distributed solar additions will account
for roughly half of all new solar capacity installed through 2030.!

These numbers mean that distribution systems are no longer dealing with a handful of exceptional
export resources. They face a large, fast-growing, heterogeneous class of inverter-based resources
whose aggregate behavior can materially shape local feeder conditions — including on circuits
originally designed for unidirectional power flow.

3.2 The visibility gap is an officially recognized operational bottleneck

DOE’s 3D Solar Visibility Prize is built around precisely this problem: utilities need accurate,
near real-time information about distributed solar generation, and current distribution system state
estimation tools are insufficient for the task.'?

DOE’s systems-integration operations page is even more direct. Many installed solar systems are
behind-the-meter and therefore not directly visible or controllable by utility operators. This
limits utilities’ ability to track and predict generation and can lead to inaccurate estimates of
hosting capacity and operating reserves, with downstream consequences for reliability, security,
resilience, and asset utilization.'

The 3D Solar Visibility Prize was not created to solve a niche academic problem. It was created
because the operational gap is large enough to attract competitive federal prize funding.

9U.S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%20DER),20Interc
onnection’20Roadmap . pdf

1017 S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%20DER),20Interc
onnection)20Roadmap . pdf

"nternational Energy Agency (IEA), Renewables 2023: Analysis and Forecast to 2028 (Dec. 2023), including the
projection that distributed solar additions will account for roughly half of all new solar capacity installed through 2030.
https://www.iea.org/reports/renewables-2023

12U.S. Department of Energy, American-Made Data-Driven Distributed (3D) Solar Visibility Prize (SETO), including
the need for accurate real-time distributed-solar information and DSSE-based visibility tools. https://wuw.energy.g
ov/eere/solar/american-made-data-driven-distributed-3d-solar-visibility-prize

137.S. Department of Energy, Integrating Solar into Day-to-Day System Operations, including the behind-the-meter
visibility problem, real-time solar information needs, and consequences for hosting capacity, reserves, reliability, security,
and resilience. https://www.energy.gov/eere/solar/integrating-solar-day-day-system-operations
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3.3 High-DER feeders create concrete local engineering problems

NREL’s High-Penetration PV Integration Handbook for Distribution Engineers details
one of the classic consequences: under light load and high PV generation, reverse power flow occurs
upstream of PV systems, which creates problems for protection systems and voltage regulators
not designed for bidirectional current.'* Reverse flow can cause protection miscoordination, false
tripping, and transformer stress.

NREL’s Evolving U.S. Distribution System report frames the same issue more broadly: utilities
often have little visibility of and control over behind-the-meter DER operation, yet they must handle
the consequences when penetration is high — including daytime energy backflow, voltage
violations, and stress on utility equipment such as transformers and capacitor banks.?

3.4 Interconnection is how a public-good bottleneck, not just an engineering workflow

DOE’s DER Interconnection Roadmap identifies four main barriers to “fast, simple, and fair”
interconnection: timeline and process delays, high grid-upgrade costs, lack of grid-data
transparency, and incomplete or outdated technical standards.' Median interconnection
times for California systems in the 50-100 kW range rose from roughly 60 days in 2010 to roughly
100 days in 2022.17

Interconnection quality is now a direct public-good issue:

¢ it determines how fast clean energy connects,

e whether projects are needlessly downsized or delayed,

e whether community-solar projects can clear local feeder constraints,

o and whether cost-effective flexible alternatives can substitute for blunt infrastructure upgrades.

3.5 Official programs are already converging toward the same missing stack

DOE’s ENERGISE program developed and tested an open-source ADMS/DERMS with state
estimation, voltage regulation, protection coordination, economic optimization, interoperability, and
cybersecurity, and validated the approach on 20 feeders across two utilities.!® DOE’s 2021 systems-
integration program funded projects to securely integrate behind-the-meter PV measurements into
utility data systems, focusing on heterogeneous data validation, virtual sensing, and pathways toward

YNREL, High-Penetration PV Integration Handbook for Distribution Engineers (2016), especially reverse-power-flow
impacts on protection systems, voltage regulators, reverse-power relays, and reliability. https://docs.nrel.gov/docs
/fyl16osti/63114.pdf

NREL, The Evolving U.S. Distribution System: Technologies, Architectures, and Regulations for Realizing a
Transactive Energy Marketplace (2020), especially the lack of utility visibility and control over behind-the-meter DERs,
daytime backflow, voltage violations, and equipment stress. https://www.nrel.gov/docs/fy20osti/74412.pdf

1677.S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%20DER),20Interc
onnection’20Roadmap . pdf

17U.S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%20DER),20Interc
onnectiony20Roadmap . pdf

187.S. Department of Energy, Enabling Extreme Real-Time Grid Integration of Solar Energy (ENERGISE), including
open-source ADMS/DERMS capabilities — state estimation, voltage regulation, protection coordination, economic
optimization, interoperability, cybersecurity — tested on 20 feeders across two utilities, and feeder visibility plus
solar-forecast-enabled optimization of active and reactive DER settings through a community of inverters. https:
//www.energy.gov/eere/solar/enabling-extreme-real-time-grid-integration-solar-energy-energise
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full BTM PV visibility for rural electric cooperatives.’

This matters for the 7 framing: 7 would not be entering a vacuum. It would be entering a sector
that is already trying to build precisely the capabilities 7 promises to strengthen — and struggling
to do so with today’s toolset.

Working 7 Assumptions for Distributed PV and Feeder Operations

4.1 Physics-side assumptions

For this paper, we assume 7 can provide:

e A discrete, constructive, countable, bounded-error substrate for local weather—
irradiance-PV—-load interactions.

e Native handling of cloud and irradiance effects relevant to rooftop, community-solar, and feeder-
scale PV generation.

o The ability to represent feeder-level electrical states with explicit bounds on coarse-graining error,
distinguishing structural constraints from conservative buffer assumptions.

e Stable refinement depth and precision such that numerical fidelity remains structurally tied to
physical fidelity — not tied to arbitrary regularization choices.

4.2 Distribution-grid assumptions

o 7 can support feeder-level state estimation and forecasting, including topology-aware and time-
varying behavior across distribution network topologies.

e 7 outputs can feed or replace portions of DSSE;, ADMS, and DERMS functions without requiring
wholesale replacement of incumbent platforms.

e 7 can drive: real-time PV disaggregation from net load, voltage and protection-aware con-
trol, dynamic hosting-capacity estimation, flexible interconnection envelopes, and feeder-level
orchestration of smart inverters and other DERs.

4.3 What this paper does not assume

This paper does not require immediate industry-wide adoption of the full 7 ontology. Practical
value could emerge much earlier if 7 outperformed incumbent methods on selected feeder-visibility,
hosting-capacity, and interconnection pilot tasks. The path to operational integration is through
demonstrated utility-facing performance, not through prior theoretical consensus.

What Changes if 7 Is Not Merely a Better Estimator, but a Law-
Faithful Feeder Twin

This is the central shift the yellow paper proposes.

Today’s distribution operational stack typically combines partial telemetry, AMI/SCADA lag and
sparsity, net-load disaggregation, offline or batch interconnection studies, conservative screening

1977.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware
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rules, static hosting-capacity limits, and relatively fragmented smart-inverter control. Under the
strongest 7 assumption, that stack weakens. The operational twin would no longer be:

“best available feeder model + partial measurements + statistical correction + conservative
margins,”

but increasingly:

execution of the same structural laws the feeder—load—PV system itself obeys,
at a certified coarse-grained resolution.

If that is true, several practical consequences follow.

5.1 State estimation becomes less blind and less retrospective

Today, the distribution operator often sees net load rather than solar and load separately. DOE’s
solar-operations page says this explicitly, and DOE’s 3D Visibility Prize is built around improving
DSSE because utilities need that separation in near real time.?°?! Under 7, feeder state estimation
would become more like a physically faithful reveal of local operating state — not just a best
statistical guess contingent on sensor coverage.

5.2 Hosting capacity becomes dynamic rather than bluntly static

NREL’s current DERMS work explicitly describes an approach for dynamic PV hosting capacity
using state estimation and localized inverter optimization, allowing online DERMS adaptation to
flexible interconnection requirements.?? Under 7, hosting capacity could become more localized,
more time-varying, more weather-aware, and more explicitly tied to actual control options — a much
stronger basis for interconnection decisions than a feeder-level “yes/no” screening number.

5.3 Flexible interconnection becomes more credible and more usable

DOE’s Office of Electricity says dynamic operating envelopes and flexible connection strategies
are pivotal for a more distributed system, because they can limit export or demand at certain
times to stay within local operating limits and thereby enable more DER connections while the
grid evolves.?3?* Under 7, flexible interconnection would be easier to justify because the operating
envelope would be grounded in a more faithful model of feeder physics and weather-linked DER
behavior — not in conservative rule-of-thumb buffers.

207.S. Department of Energy, American-Made Data-Driven Distributed (3D) Solar Visibility Prize (SETO), including
the need for accurate real-time distributed-solar information and DSSE-based visibility tools. https://wuw.energy.g
ov/eere/solar/american-made-data-driven-distributed-3d-solar-visibility-prize

21U.S. Department of Energy, Integrating Solar into Day-to-Day System Operations, including the behind-the-meter
visibility problem, real-time solar information needs, and consequences for hosting capacity, reserves, reliability, security,
and resilience. https://www.energy.gov/eere/solar/integrating-solar-day-day-system-operations

22NREL, Distributed Energy Resource Management Systems, including dynamic PV hosting-capacity estimation,
localized inverter optimization, state-estimation use, online DERMS, and flexible interconnection. https://www.nrel
.gov/grid/distributed-energy-resource-management-systems.html

23U.S. Department of Energy Office of Electricity, Sourcing Distributed Energy Resources for Distribution Grid Services
(Dec. 2024), including the role of dynamic operating envelopes, flexible interconnection, 80-160 GW DER-service
potential over ten years, and growing jurisdictional activity across 30 states, DC, and Puerto Rico. https://www.ener
gy.gov/sites/default/files/2024-12/Sourcing},20DER/20for%20Dist%20Services’%20final%2012.17.24 . pdf

24U.S. Department of Energy, Flezible DER and EV Connections / flexible connection strategy materials, describing
dynamic operating envelopes and flexible connection approaches for enabling more distributed resources within
distribution-system operating limits. https://www.energy.gov/sites/default/files/2024-08/Flexible’,20DER}2
0%20EV%,20Connections’20July%202024 . pdf
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5.4 Smartinverters become part of an orchestration layer, not just a static requirement

NREL’s smart-inverter work notes that IEEE 1547-2018 requires voltage support from DER via
reactive and/or active power control.2 Under 7, those inverter functions stop being isolated device
features and become part of a coordinated, feeder-level orchestration layer for volt/VAR, volt/watt,
ride-through, reverse-flow mitigation, and local congestion management. The inverter community
becomes a physics-consistent control fabric rather than a set of independently tuned devices.

5.5 Interconnection studies move closer to executable physical certification

NREL’s distribution-integration work describes PRECISE, a deployed utility solution that au-
tomates detailed time-series DER interconnection studies, and DISCO, which supports solar
hosting-capacity and service-area upgrade analysis.? Under 7, the next step would be to tighten
these processes from “automated study” toward physically certified, dynamically updateable
interconnection feasibility — replacing periodic snapshot studies with a continuously maintained
feeder twin.

Structured Opportunity Map

6.1 Cluster A — Distributed PV Visibility and Feeder State Estimation
6.1.1 Al. Real-time distributed PV disaggregation and feeder visibility

The most immediate opportunity. DOE’s 3D Solar Visibility Prize is built around DSSE because
operators need real-time visibility into distributed solar output and feeder operating state.?” A
T-enabled step change here would mean better separation of PV generation from load, real-time
feeder net-load visibility, topology-aware operating state, and more trustworthy feeder alarms and
situational awareness.

6.1.2 AZ2. Secure integration of behind-the-meter telemetry

DOE’s 2021 systems-integration awards acknowledge a real barrier: utilities are often reluctant to
integrate BTM telemetry with control-room systems because of security, protocol, and legacy-system
concerns.”® A 7 deployment opportunity therefore includes not only physics but also secure data-
integration layers that make behind-the-meter solar visible without compromising OT systems or
customer privacy.

PNREL, Impact of IEEE 1547 Standard on Smart Inverters and the Applications in Power Systems (2021),
especially voltage-support requirements under IEEE 1547-2018 via reactive and/or active power control. https:
//www.nrel.gov/media/docs/libraries/grid/smart-inverters-applications-in-power-systems.pdf

2NREL, Distribution System Planning, Analysis, and Grid Integration, including PRECISE for automated time-
series interconnection studies, DISCO for hosting-capacity and service-area upgrade analysis, and advanced-inverter
interconnection research. https://www.nrel.gov/grid/distribution-integration

27U.8. Department of Energy, American-Made Data-Driven Distributed (3D) Solar Visibility Prize (SETOQ), including
the need for accurate real-time distributed-solar information and DSSE-based visibility tools. https://www.energy.g
ov/eere/solar/american-made-data-driven-distributed-3d-solar-visibility-prize

28U.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware
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6.1.3 A3. Rural and underserved utility visibility uplift

DOE funded a project explicitly aimed at full behind-the-meter PV visibility for utilities, focusing
on rural electric cooperatives.?? This creates an immediate public-interest pathway: 7 could
help smaller utilities with weaker modeling and telemetry resources gain capabilities otherwise
concentrated in larger, better-funded systems — directly addressing the digital divide in grid
modernization.

6.2 Cluster B— Hosting Capacity, Interconnection, and Flexible Envelopes
6.2.1 B1. Dynamic hosting capacity and online interconnection screening

NREL’s current DERMS work says online DERMS plus state estimation can expand PV hosting
capacity and adapt to flexible interconnection requirements.?? That creates a direct 7 opportunity:
move hosting-capacity analysis from static, infrequent engineering studies to dynamic and opera-
tionally aware estimates, better distinguish true constraints from conservative assumptions, and
reduce avoidable project downsizing or delay.

6.2.2 B2. Automated interconnection workflows

NREL’s PRECISE automates time-series interconnection studies. DOE’s interconnection roadmap
says process delays are one of the four main barriers to fast, fair DER interconnection.?'3? Under
7, interconnection workflows could become faster, more transparent, more standardized, and more
explicitly linked to current feeder conditions and controllability options.

6.2.3 B3. Flexible interconnection and dynamic operating envelopes

DOE’s distribution-services and flexible-connection materials describe dynamic operating envelopes
and flexible connection strategies as tools to enable more DER connections by limiting export or
demand during constrained times.?33? This is an especially good fit for 7, because a law-faithful

297.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware

3ONREL, Distributed Energy Resource Management Systems, including dynamic PV hosting-capacity estimation,
localized inverter optimization, state-estimation use, online DERMS, and flexible interconnection. https://www.nrel
.gov/grid/distributed-energy-resource-management-systems.html

31U.8. Department of Energy, Distributed Energy Resource Interconnection Roadmayp (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%,20DER%20Interc
onnection’20Roadmap . pdf

32NREL, Distribution System Planning, Analysis, and Grid Integration, including PRECISE for automated time-
series interconnection studies, DISCO for hosting-capacity and service-area upgrade analysis, and advanced-inverter
interconnection research. https://www.nrel.gov/grid/distribution-integration

33U.S. Department of Energy Office of Electricity, Sourcing Distributed Energy Resources for Distribution Grid Services
(Dec. 2024), including the role of dynamic operating envelopes, flexible interconnection, 80-160 GW DER-service
potential over ten years, and growing jurisdictional activity across 30 states, DC, and Puerto Rico. https://www.ener
gy.gov/sites/default/files/2024-12/Sourcing,20DER),20for%20Dist%20Services’%20final%2012.17.24 . pdf

34U.8. Department of Energy, Flezible DER and EV Connections / flexible connection strategy materials, describing
dynamic operating envelopes and flexible connection approaches for enabling more distributed resources within
distribution-system operating limits. https://www.energy.gov/sites/default/files/2024-08/Flexible’20DER%2
0%20EV%20Connections20July%202024 . pdf
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feeder twin makes those envelopes more trustworthy and easier for regulators and customers to
accept.

6.3 Cluster C — Voltage, Protection, and Local DER Orchestration
6.3.1 C1. Voltage regulation through coordinated inverter communities

DOE’s ENERGISE portfolio includes a system that uses feeder visibility and solar forecasting to
optimize active and reactive DER settings through a community of inverters.?® Under 7, this
becomes a major deployment vector: voltage support becomes proactive, feeder settings become
forecast-aware, and inverter control becomes part of local system optimization rather than a static
default.

6.3.2 C2. Reverse-power-flow and protection-aware orchestration

NREL’s high-penetration handbook notes that reverse power flow can create problems for protection
systems, voltage regulators, and reverse-power relays at substations, potentially disconnecting circuits
and reducing reliability.?® A 7 twin could help move from static worst-case protection assumptions
to adaptive operating envelopes and coordinated feeder responses.

6.3.3 C3. Distribution services, non-wires alternatives, and local flexibility portfolios

DOE’s 2024 report on sourcing DER, for distribution services estimates the potential for DER services
to increase to 80—160 GW over the next ten years and notes that utilities in 30 states, the
District of Columbia, and Puerto Rico are increasingly sourcing such services through tariffs,
programs, procurements, or local flexibility markets.?” Better local physics and visibility should
make those services easier to source, verify, and use.

6.4 Cluster D — Planning, Equity, and System Evolution
6.4.1 D1. Integrated distribution system planning
DOEFE’s Distribution System Evolution report lays out a three-stage path from grid modern-

ization (Stage 1) to operational markets (Stage 2, beginning at roughly 5-15% DER penetration
of distribution-system peak) to full DER optimization (Stage 3, above 15%).3® That staging is a

357.S. Department of Energy, Enabling Extreme Real-Time Grid Integration of Solar Energy (ENERGISE), including
open-source ADMS/DERMS capabilities — state estimation, voltage regulation, protection coordination, economic
optimization, interoperability, cybersecurity — tested on 20 feeders across two utilities, and feeder visibility plus
solar-forecast-enabled optimization of active and reactive DER settings through a community of inverters. https:
//www.energy.gov/eere/solar/enabling-extreme-real-time-grid-integration-solar-energy-energise

36NREL, High-Penetration PV Integration Handbook for Distribution Engineers (2016), especially reverse-power-flow
impacts on protection systems, voltage regulators, reverse-power relays, and reliability. https://docs.nrel.gov/docs
/fyl16osti/63114.pdf

3TU.S. Department of Energy, Flezible DER and EV Connections / flexible connection strategy materials, describing
dynamic operating envelopes and flexible connection approaches for enabling more distributed resources within
distribution-system operating limits. https://www.energy.gov/sites/default/files/2024-08/Flexible’%20DER%2
0%20EV%,20Connections20July%202024 . pdf

381U.S. Department of Energy Office of Electricity, Distribution System Evolution (Apr. 2024), including the three-
stage framework from grid modernization to operational markets to DER optimization, penetration thresholds for
each stage, and the approximately two-year DER innovation cycle versus five-to-seven-year institutional decision cycle.
https://www.energy.gov/sites/default/files/2024-05/Distributed’20System’,20Evolution,20April%202024 _
optimized.pdf
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natural fit for the 7 narrative: 7 enables each stage transition to be managed with higher physical
fidelity and lower conservative buffer.

6.4.2 D2. Community solar and equitable feeder planning

When hosting-capacity and interconnection data are poor, better-resourced projects navigate the
process more successfully than smaller or community-oriented ones. A stronger visibility and
orchestration stack supports more transparent community-solar siting, fairer interconnection decisions,
and better targeting of upgrades where they create the most social value.

6.4.3 D3. Data governance, standards, and cybersecurity

DOE’s interconnection roadmap and BTM-telemetry work both point to standards and cybersecurity
as core concerns.??*? 7 cannot simply be “more data, more control.” It has to fit into a secure,
standards-based, regulatorily acceptable architecture — which is both a constraint and a design goal
for any serious 7 deployment.

Competitive Landscape

The distributed-PV visibility and distribution-grid orchestration space already has a set of incumbent
platforms and protocols. Understanding where they succeed and where they fall short is essential for
positioning 7 accurately.

7.1 Itron Distributed Intelligence

Itron’s Distributed Intelligence platform deploys analytics at the smart meter edge, enabling near
real-time AMI data processing for distributed resource visibility. The platform is strong on AMI
integration and operational data collection from large deployed meter bases. Its limitation for the 7
application is that it operates primarily as a data analytics layer: it aggregates and analyzes meter
readings but does not execute physics-faithful grid-state inference. Feeder topology effects, voltage
propagation, and the interaction between reverse power flow and protection coordination are not
represented from first principles. For hosting-capacity estimation and flexible interconnection, Itron
Distributed Intelligence provides data inputs but not the structural physics layer.*!

7.2 Oracle Utilities ADMS

Oracle Utilities Advanced Distribution Management System (ADMS) provides real-time network
modeling, fault management, outage management, and volt/VAR optimization for distribution

39U.S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%20DER),20Interc
onnection)20Roadmap.pdf

40U.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware

Ttron, Inc., Distributed Intelligence Platform product documentation and technical briefs (2023-2024). Itron
Distributed Intelligence deploys analytics at the smart meter edge for distributed resource visibility and AMI data
processing; the platform is designed as a data analytics layer rather than a physics-level feeder-state inference engine.
https://www.itron.com/na/solutions/products/distributed-intelligence
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operators. It is strong on network topology management and crew/fault dispatch and is widely
deployed in large investor-owned utilities. Its limitation for 7-relevant applications is on the DER
physics-level forecasting side: Oracle ADMS is built around real-time state snapshot management
and rule-based control, not on bounded-error inference of behind-the-meter DER behavior or weather-
linked feeder physics. Hosting-capacity analysis and flexible interconnection remain largely separate
workflows rather than outcomes of a continuously live feeder twin.*?

7.3 AutoGrid Flex

AutoGrid Flex is an Al-driven demand flexibility and DER dispatch platform focused on commercial
and industrial aggregation, virtual power plants, and demand response. It is strong on aggregation
logistics and flexibility market participation. Its limitation for the 7 application is grid-physics
fidelity: AutoGrid Flex operates primarily as a machine-learning demand-optimization and dispatch
layer, not as a distribution physics twin. It does not natively provide bounded-error feeder state
estimation or physics-faithful voltage and protection-aware operating envelopes. The platform is
commercially well-positioned but operates above the distribution physics layer that 7 addresses.*3

7.4 Tantalus Systems / Aclara

Tantalus (now part of Aclara, a Hubbell company) provides AMI and grid sensor platforms primarily
for electric cooperatives and municipal utilities. Their strength is wide-area sensor data collection
and AMI network management for smaller utilities. Tantalus/Aclara is explicitly a data collection
and communications layer, not a modeling or forecasting system. It provides the measurement
infrastructure on which DSSE or feeder twin tools would run, but it does not execute physics-level
feeder inference. For 7 deployment, platforms like Tantalus/Aclara represent a potential integration
layer — they supply the telemetry that a 7 feeder twin could consume — but they do not compete
with 7’s physics ambition.*4

7.5 EPRI OpenDSS with DER Extensions

OpenDSS is an open-source distribution system simulator maintained by the Electric Power Research
Institute, with DER modules for PV, storage, and smart-inverter modeling. It is widely used in
research and utility planning studies and serves as the backbone of many academic and laboratory
hosting-capacity analyses. OpenDSS is research-grade and powerful for offline studies but is not
designed for real-time operational inference. It does not maintain a continuously live, measurement-
driven feeder state and does not provide bounded-error inference under partial observability. For 7,
OpenDSS represents the state of the art in research-grade offline simulation; the 7 proposition is to
enable what OpenDSS does to be executed in bounded real-time operational mode.*?

“2Qracle Utilities, Advanced Distribution Management System (ADMS) product documentation (2023). Oracle
ADMS provides real-time network modeling, fault management, outage management, and volt/VAR optimization; the
system is designed around real-time state snapshot management and rule-based control rather than bounded-error
physics inference of behind-the-meter DER behavior. https://www.oracle.com/industries/utilities/adms/

43 AutoGrid, AutoGrid Flex product documentation and technical briefs (2023-2024). AutoGrid Flex is an Al-driven
demand flexibility and DER, dispatch platform focused on commercial aggregation, virtual power plants, and demand
response optimization; it operates as a machine-learning dispatch layer above the distribution physics level that
addresses. https://www.auto-grid.com/solutions/flex/

“Tantalus Systems / Aclara (Hubbell), TRUSense Network and AMI Platform product documentation (2023).
Tantalus/Aclara provides AMI and grid sensor platforms primarily for electric cooperatives and municipal utilities; the
platform is a data collection and communications layer, not a modeling or forecasting system. https://www.aclara.c
om/

“Electric Power Research Institute (EPRI), OpenDSS: Open-Source Distribution System Simulator (maintained
release, 2024). OpenDSS is a research-grade open-source distribution system simulator with DER modules; it is widely
used in offline hosting-capacity analysis and interconnection studies but is not designed for real-time operational
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7.6 SunSpec Alliance Smart Inverter Standards

The SunSpec Alliance coordinates open interoperability standards for smart inverters (IEEE 2030.5,
CTA-2045), enabling communication between inverters, energy management systems, and utility
platforms. SunSpec standards are a foundational communication layer for DER. interoperability.
They define how inverter commands and telemetry are exchanged but do not specify the physics
model that determines what those commands should be. SunSpec-compliant inverters are the
actuator layer on which 7-driven orchestration would operate. This makes SunSpec a complementary
standard rather than a competitor: 7 would depend on SunSpec-layer interoperability to execute
physics-aware inverter dispatch.*6

7.7 1's Differentiated Position

The common pattern across incumbents is a gap between the data/communication layer (Itron,
Tantalus/Aclara, SunSpec) and the operational model layer (Oracle ADMS, AutoGrid Flex), with
research-grade physics simulation (OpenDSS) remaining offline. 7’s distinctive proposition is to close
the gap between operational real-time inference and physics-faithful feeder modeling — providing
bounded-error feeder state estimation grounded in the same structural laws the feeder obeys, not
just in statistical pattern matching or rule-based approximation. If that proposition is sound, 7 is
not replacing incumbents but filling the structural physics layer that all of them currently leave
partially empty.

Evidence and Translation Ladder

8.1 Phase 0 — Data and Benchmark Curation

Build feeder benchmark sets around: distributed PV disaggregation accuracy, DSSE voltage and
power-flow estimation error against ground truth, voltage/power-quality outcome logs on high-DER
feeders, reverse-power-flow event logs and magnitudes, hosting-capacity estimation compared against
post-hoc actual outcomes, and interconnection decision records.

Target feeders for Phase 0 should have: documented high PV penetration, available AMI data,
some SCADA or mu-PMU coverage, and a utility willing to share operational data under a research
agreement. Rural cooperatives with DOE-funded BTM visibility programs*” and municipal utilities
in high-solar states are natural first partners.

8.2 Phase 1— Shadow-Mode Feeder Pilots

Run 7 alongside incumbent DSSE, hosting-capacity, and interconnection tools on selected feeders
without changing live operating decisions. Utility engineers see 7 outputs alongside their existing
screens and flag agreements and disagreements. The validation target at this phase is not to replace
any incumbent system but to demonstrate that 7’s bounded-error feeder inference tracks actual feeder

inference or continuous feeder-state maintenance. https://www.epri.com/pages/sa/opendss

46SunSpec Alliance, IEEE 2030.5 / CTA-2045 Smart Inverter Communication Standards (2023). SunSpec coordinates
open interoperability standards for smart inverter communications; the standards define data exchange protocols but
not the physics model determining optimal inverter dispatch. https://sunspec.org/

47U.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware
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behavior better than, or at least comparably to, current tools — on a defined set of utility-relevant
metrics.

A credible first-wave benchmark set should focus on:

o municipal and cooperative utilities with high rooftop or community solar,
o feeders already experiencing reverse flow or voltage issues,
o and utilities actively working on flexible interconnection or online hosting-capacity analysis.

8.3 Phase 2 — Advisory Interconnection and Operational Use

Use 7 outputs for hosting-capacity advisories, flexible-interconnection recommendations, voltage-
management suggestions, and feeder-level DER control recommendations — all in advisory mode
where human engineers make the final call. At this phase, 7 competes on quality of advice rather
than on operational authority.

The key institutional step at Phase 2 is regulatory engagement: getting 7-based hosting-capacity
analysis recognized by public utility commissions as a valid methodology for interconnection screening,
at least in pilot geographies. DOE’s Grid Deployment Office and NREL’s PRECISE/DISCO work*®
provide a credibility ladder for this engagement.

8.4 Phase 3 — Integrated DERMS/ADMS Operation

After independent validation, use 7 products inside DERMS/ADMS for local voltage support, export
management, curtailment minimization, and local distribution-service procurement. At this phase,
T transitions from an advisory layer to a component of the operational control stack. Integration
with SunSpec-compliant smart inverters®” and existing ADMS platforms (Section 6.2) is the key
engineering challenge.

8.5 Phase 4 — Planning-Native Orchestration and Market Integration

Use 7 to support integrated distribution planning, dynamic hosting-capacity maps published to
interconnection applicants, flexible-service tariff design, and future local flexibility-market structures.
This is the long-run equilibrium in which a 7 feeder twin becomes a normal operational tool in

high-DER distribution systems — comparable in role to the role SCADA plays in transmission-level
operations today.

Candidate Benchmark Suite
A serious 7 pilot should be judged on utility-relevant metrics, not abstract estimation accuracy.

9.1 Visibility and State Metrics

o Distributed-PV disaggregation accuracy (compared to metered reference systems);
o DSSE voltage and power-flow estimation error at unobserved nodes;

8NREL, Distribution System Planning, Analysis, and Grid Integration, including PRECISE for automated time-
series interconnection studies, DISCO for hosting-capacity and service-area upgrade analysis, and advanced-inverter
interconnection research. https://www.nrel.gov/grid/distribution-integration

49SunSpec Alliance, IEEE 2030.5 / CTA-2045 Smart Inverter Communication Standards (2023). SunSpec coordinates
open interoperability standards for smart inverter communications; the standards define data exchange protocols but
not the physics model determining optimal inverter dispatch. https://sunspec.org/
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o Topology-change detection and phase-awareness performance;
o Forecast calibration for feeder net load and export conditions across weather types.

9.2 Operational Metrics

Voltage violations and regulator operations per day on high-DER feeders;
Reverse-power-flow hours and magnitudes per season;

Substation backfeed and transformer stress indicators;

Curtailment required to stay inside operating limits;

Outage or protection-miscoordination events related to DER behavior.

9.3 Interconnection and Planning Metrics

Time from application to approval (days) for feeders using 7 vs. incumbents;

Share of projects admitted via flexible interconnection vs. full upgrade requirement;
Changes in estimated hosting capacity over time and correlation with actual outcomes;
Avoided or deferred upgrade costs (USD/feeder/year);

Number of interconnection studies automated or materially shortened.

9.4 Public-Good Metrics

Additional rooftop and community solar connected (systems/year);
Customer participation and community-solar access in under-resourced areas;
Reliability and resilience outcomes on high-DER feeders (SAIDI, SAIFI);
Reduction in unnecessary curtailment or project downsizing;

Ability to source distribution services from local DERs.

Case Studies

10.1 Hawaii HECO — Rooftop Solar Saturation at World-Leading PV Penetration

Context. Hawaii operates the world’s highest island-grid PV penetration. On Oahu, rooftop solar
saturation exceeds 75% of single-family homes on some circuits, and solar export regularly exceeds
local grid hosting capacity on sunny days. Hawaiian Electric (HECO) manages this in an islanded
grid environment — there is no mainland interconnection to absorb excess generation or provide
balancing. The consequences of over-penetration are immediate and operational: voltage violations,
reverse power flow, feeder instability, and protection miscoordination.?”

Baseline operational problem. HECQO’s current approach relies on simplified PV hosting capacity
analysis conducted offline using static feeder models. This analysis is not continuously updated to
reflect actual feeder conditions, weather, or the growing installed base. Interconnection approval
for new PV systems in affected circuits takes 6-18 months per customer application, primarily
because each application triggers a manual engineering study under conservative assumptions.”’ The

S¥Hawaiian Electric Company (HECO), Advanced Grid Study (2020); SEPA, Utility Solar Rankings: Hawaii Case
Study; Lawrence Berkeley National Laboratory, Tracking the Sun (annual); NREL, Hawaii Grid Modernization Reports
(2019-2023). Hawaii has more than 75% rooftop solar saturation on Oahu on some circuits; interconnection approval
for affected circuits has historically taken 6-18 months per application. https://www.hawaiianelectric.com/clean
-energy-hawaii/our-clean-energy-portfolio/renewable-energy-sources/grid-modernization

*!'Hawaiian Electric Company (HECO), Advanced Grid Study (2020); SEPA, Utility Solar Rankings: Hawaii Case
Study; Lawrence Berkeley National Laboratory, Tracking the Sun (annual); NREL, Hawaii Grid Modernization Reports
(2019-2023). Hawaii has more than 75% rooftop solar saturation on Oahu on some circuits; interconnection approval
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conservative assumptions are rational given the actual uncertainty in the feeder model — but they
compound to make the interconnection process slow, expensive, and opaque to applicants. Some
customers have been denied interconnection or forced to accept significant system downsizing that
would not be necessary under a more accurate feeder model.

T-enabled change. A continuously maintained 7 feeder twin for HECO’s highest-penetration
circuits would change the operational picture in several ways:

e Real-time physics-faithful distribution twin enabling instant hosting capacity assessment for
each new interconnection application, replacing the months-long manual study with a certified
physics-based evaluation.

e Dynamic export limits based on actual circuit state — adjusted by time of day, season, and
weather — rather than a single static limit derived from worst-case assumptions.

e Voltage regulation through coordinated inverter dispatch across the installed base of IEEE 1547-
2018 compliant smart inverters,”® reducing voltage violations without requiring expensive physical
upgrades.

e Reduced interconnection time from months to days for applications that fall within the dynamically
assessed envelope.

o Potential to enable 20-30% more rooftop solar per circuit by replacing conservative buffers with
physics-certified bounds.

Scale of consequence. HECO’s experience is directly relevant to the trajectory of all high-
penetration grid systems worldwide. What Hawaii faces today — extreme PV penetration in an
islanded distribution environment with no off-island balancing — will be faced by other island
grids, rural isolated systems, and eventually mainland distribution circuits as penetration rises.
HECQ'’s interconnection backlog is not a local administrative problem. It is a preview of what slow,
conservative hosting-capacity analysis produces at scale.?%4

10.2 Germany Energiewende — Distribution Grid Stress at Continental Scale

Context. Germany has more than 2.5 million rooftop PV installations and over 57 GW of distributed
solar capacity.?® Millions of heat pumps and battery electric vehicles are being added rapidly as
part of the Energiewende (energy transition). Rural distribution grids throughout Bavaria, Baden-
Wiirttemberg, and eastern Germany were designed and built for top-down power flow from central
generation. They were not designed for the bidirectional, weather-variable power flows that result
from high PV and heat-pump penetration. Distribution network operators (DNOs) — including
Bayernwerk, E.ON’s regional DNOs, RWE Netz, and Stromnetz Berlin — face a compounding

for affected circuits has historically taken 6-18 months per application. https://www.hawaiianelectric.com/clean
-energy-hawaii/our-clean-energy-portfolio/renewable-energy-sources/grid-modernization

®2NREL, Impact of IEEE 1547 Standard on Smart Inverters and the Applications in Power Systems (2021),
especially voltage-support requirements under IEEE 1547-2018 via reactive and/or active power control. https:
//www.nrel.gov/media/docs/libraries/grid/smart-inverters-applications-in-power-systems.pdf

53Hawaiian Electric Company (HECO), Advanced Grid Study (2020); SEPA, Utility Solar Rankings: Hawaii Case
Study; Lawrence Berkeley National Laboratory, Tracking the Sun (annual); NREL, Hawaii Grid Modernization Reports
(2019-2023). Hawaii has more than 75% rooftop solar saturation on Oahu on some circuits; interconnection approval
for affected circuits has historically taken 6-18 months per application. https://www.hawaiianelectric.com/clean
-energy-hawaii/our-clean-energy-portfolio/renewable-energy-sources/grid-modernization

SINREL, Interconnection Screening and Streamlined Review Processes for Distributed Energy Resources (2020);
SEPA, Utility of the Future: Interconnection Reform Case Studies (2022). These reports document the relationship
between hosting-capacity analysis methodology, screening time, and interconnection outcome quality, with specific
reference to high-penetration systems including Hawaii.

5*Deutsche Energie-Agentur (dena), dena Grid Study IT and dena Distribution Grid Study (2022 update), including
estimates of €100B+ in required distribution network reinforcement through 2045, 2.5M+ German rooftop PV
installations, 57 GW of distributed solar capacity, and assessment of reinforcement avoidance potential with smart grid
tools. See also: Bundesnetzagentur, Annual Report on the State of the Electricity Grid (2023); BMWK, Energiewende
Monitoring Report (2023). https://www.dena.de/en/topics-projects/energy-systems/electricity/
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planning challenge: how much of the required distribution grid reinforcement is genuinely necessary
for physics reasons, and how much is driven by conservative assumptions in the absence of better
models?°6

Baseline operational problem. German DNOs currently lack real-time distribution-level physics
models capable of distinguishing actual hosting capacity from conservative engineering buffers. The
2022 dena Grid Study estimates that Germany requires over €100 billion in distribution network
reinforcement by 2045 to accommodate the planned energy transition.”” But within that estimate
lies a significant range: the actual amount of reinforcement required depends heavily on how well
DNOs can manage flexible loads (EVs, heat pumps), curtail excess PV during constraint events, and
use existing network headroom before triggering reinforcement obligations. Without physics-faithful
real-time feeder models, DNOs default to conservative assumptions that trigger earlier and larger
reinforcement decisions.?®

T-enabled change. A bounded-error 7 distribution twin deployed at scale across German rural
DNOs would change the planning and operational picture:

e Real-time hosting capacity assessment replacing offline conservative buffer assumptions, enabling
DNOs to defer reinforcement on circuits where coordinated DER management can handle the
constraint.

e Smart charging coordination for the projected 15 million+ battery EVs expected in Germany by
2030, using physics-faithful feeder models to schedule charging in ways that flatten rather than
amplify distribution peaks.

e Heat pump demand shaping at neighborhood scale, enabled by 7-grade local visibility of feeder
loading, to shift consumption toward periods of high PV output and low congestion.

e Direct quantification of avoidable reinforcement: if r-enabled DER management can manage
20-40% of currently projected constraint events without physical reinforcement, the savings are
material at the scale of the German grid.

Scale of consequence. The dena Grid Study estimates that €20-40 billion in distribution
reinforcement could potentially be avoided or deferred with better smart grid tools.”® Even a 5%
attribution fraction to physics-faithful DER management — which is conservative given that feeder
model accuracy is a first-order driver of reinforcement decisions — implies €1-2 billion in savings.
At the cost of a national DER visibility platform estimated at €30-80 million (Section 10), that
is a benefit-to-cost ratio of approximately 20:1. The German case also has EU-wide significance:
the same physics gap afflicts distribution grids in Poland, France, the Netherlands, and across the
Nordic countries as their own PV and heat-pump penetrations rise.5"

56Deutsche Energie-Agentur (dena), dena Grid Study II and dena Distribution Grid Study (2022 update), including
estimates of €100B+ in required distribution network reinforcement through 2045, 2.5M+ German rooftop PV
installations, 57 GW of distributed solar capacity, and assessment of reinforcement avoidance potential with smart grid
tools. See also: Bundesnetzagentur, Annual Report on the State of the Electricity Grid (2023); BMWK, Energiewende
Monitoring Report (2023). https://www.dena.de/en/topics-projects/energy-systems/electricity/

5"Deutsche Energie-Agentur (dena), dena Grid Study II and dena Distribution Grid Study (2022 update), including
estimates of €100B+ in required distribution network reinforcement through 2045, 2.5M+ German rooftop PV
installations, 57 GW of distributed solar capacity, and assessment of reinforcement avoidance potential with smart grid
tools. See also: Bundesnetzagentur, Annual Report on the State of the Electricity Grid (2023); BMWK, Energiewende
Monitoring Report (2023). https://www.dena.de/en/topics-projects/energy-systems/electricity/

5¥Deutsche Energie-Agentur (dena), dena Grid Study II and dena Distribution Grid Study (2022 update), including
estimates of €100B+ in required distribution network reinforcement through 2045, 2.5M+ German rooftop PV
installations, 57 GW of distributed solar capacity, and assessment of reinforcement avoidance potential with smart grid
tools. See also: Bundesnetzagentur, Annual Report on the State of the Electricity Grid (2023); BMWK, Energiewende
Monitoring Report (2023). https://www.dena.de/en/topics-projects/energy-systems/electricity/

*Deutsche Energie-Agentur (dena), dena Grid Study IT and dena Distribution Grid Study (2022 update), including
estimates of €100B+ in required distribution network reinforcement through 2045, 2.5M+ German rooftop PV
installations, 57 GW of distributed solar capacity, and assessment of reinforcement avoidance potential with smart grid
tools. See also: Bundesnetzagentur, Annual Report on the State of the Electricity Grid (2023); BMWK, Energiewende
Monitoring Report (2023). https://www.dena.de/en/topics-projects/energy-systems/electricity/

SOTEA, Electricity Grids and Secure Energy Transitions (2023), including analysis of distribution grid investment
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Finance and Funding Pathways

11.1 Public Funding Sources

U.S. DOE Grid Deployment Office. DOE’s Grid Deployment Office administers over $10 billion
in grid modernization funding under the Infrastructure Investment and Jobs Act (IIJA) and related
legislation. Its distribution grid modernization programs include the Grid Resilience and Innovation
Partnerships (GRIP) program, which has funded distribution automation, advanced metering, DER
integration, and DERMS deployment at scale.%" A 7 feeder-twin pilot that aligns with DOE’s stated
objectives — real-time DER visibility, dynamic hosting capacity, flexible interconnection — is a
natural candidate for GRIP or successor funding.

EU Just Transition Fund. The EU Just Transition Fund targets regions and member states making
the structural shift away from fossil-fuel-dependent economies. Distribution grid modernization
in coal-transition regions of Germany, Poland, the Czech Republic, and Romania is an explicit
eligible use of JTF funding. A 7 distribution twin that enables rural DNOs to accommodate PV
and heat-pump penetration without disproportionate reinforcement costs aligns directly with JTF’s
objectives of enabling the energy transition in structurally disadvantaged regions.%?

European Investment Bank (EIB). The EIB lends more than €5 billion per year for low-carbon
distribution network projects across Europe. EIB’s lending criteria emphasize climate impact,
innovation content, and market failure justification. A 7 feeder-twin deployment that demonstrably
reduces the cost of energy-transition grid reinforcement while improving DER integration is a strong
candidate for EIB project financing at the utility or DNO level.%3

NREL and DOE Laboratory Partnerships. DOE national laboratories — NREL, Argonne,
PNNL — operate active programs in distribution system planning, DSSE tool development, and
DER integration research. A formal research partnership with one of these institutions would provide
independent validation, access to OpenDSS benchmark datasets,%* and a credible pathway toward
regulatory acceptance of 7-based hosting-capacity analysis.

1.2 Cost Scenarios

Scenario 1 — 7 distribution twin for a 500,000-customer utility (single large investor-
owned or municipal utility). Estimated cost: USD 8-20 million for full-scale deployment
including data integration, feeder model calibration, DERMS interface development, and staff
training. Expected benefit: enabling 30% more DER interconnection without physical reinforcement
on constrained feeders; at $5,000-15,000 per avoided study and $50,000-200,000 per avoided feeder

requirements across EU member states, Japan, and Australia as PV and heat-pump penetrations rise. The report
estimates that grid investment globally needs to double by 2030 relative to 2022 levels, with distribution networks
requiring the largest share. https://www.iea.org/reports/electricity-grids-and-secure-energy-transitions

617.S. Department of Energy, Grid Resilience and Innovation Partnerships (GRIP) Program (2023-2024), including
distribution automation, DER integration, and ADMS/DERMS deployment grants under the Infrastructure Investment
and Jobs Act. https://www.energy.gov/gdo/grid-resilience-and-innovation-partnerships-grip-program

52European Commission, Just Transition Fund — Guidance for National Territorial Transition Plans (2021);
European Commission, REPowerEU grid modernization provisions (2022). The Just Transition Fund explicitly
includes distribution grid modernization as an eligible investment for coal-transition regions. https://ec.europa.eu
/regional_policy/en/funding/just-transition-fund/

53 Buropean Investment Bank (EIB), Energy Lending Policy (2021 revision) and Annual Energy Lending Report
(2023). EIB lends over €5 billion per year for low-carbon distribution network projects; the Energy Lending Policy
explicitly supports distribution grid modernization for DER integration. https://www.eib.org/en/publications/ei
b-group-energy-lending-policy

51 Electric Power Research Institute (EPRI), OpenDSS: Open-Source Distribution System Simulator (maintained
release, 2024). OpenDSS is a research-grade open-source distribution system simulator with DER modules; it is widely
used in offline hosting-capacity analysis and interconnection studies but is not designed for real-time operational
inference or continuous feeder-state maintenance. https://www.epri.com/pages/sa/opendss
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upgrade, a utility with 200+ active interconnection applications per year and 20-50 reinforcement
decisions per year would see payback within 3-5 years of full deployment.

Scenario 2 — National DER visibility platform for 10 million distributed solar owners
(federal or multi-utility scale, comparable to German national deployment). Estimated
cost: USD 30-80 million for platform development, integration across multiple DNO systems,
regulatory engagement, and multi-year operations. Expected benefit: $5-10 billion in avoided grid
reinforcement over 10 years, based on dena-equivalent analysis (20-40% of conservative reinforcement
triggers are avoidable with better feeder models) and a 5% attribution fraction to physics-faithful
feeder twin capability. Benefit-to-cost ratio: approximately 20:1 on the conservative estimate.

11.3 Revenue and Business Model Considerations

Beyond upfront deployment cost, a 7 feeder-twin platform creates ongoing revenue opportunities:

o Interconnection study fees (charged to applicants) reduced in processing cost by 80-90%
through automation, enabling profitable high-volume processing of small-scale applications that
are currently loss-leading for utilities.

o Distribution service procurement (non-wires alternatives) enabled by 7-grade feeder visibility,
generating a managed service revenue stream as utilities pay for DER flexibility that avoids
capital expenditure.

e Data analytics licensing to municipalities, real estate platforms, and community-solar develop-
ers who need accurate feeder constraint maps for siting and project development.

e Regulatory asset base in jurisdictions where distribution grid modernization investments are
recoverable through rate cases, turning 7 deployment capital into a regulated return.

Constraints, Frictions, and Reasons the Transition May Still Be
Slow

Even if 7 is right, adoption will not be automatic. This section is a sober inventory of the real
barriers.

Security and OT integration barriers. DOE’s 2021 BTM-data projects highlight that utilities
are reluctant to integrate BTM telemetry into control-room systems because of security, protocol
mismatch, and legacy-system constraints.%> This is not irrational caution — distribution control
systems are operational technology (OT) environments with strict cybersecurity requirements, and
connecting a new physics-inference layer introduces potential attack surface. Any 7 deployment
must address OT security architecture from the beginning, not as an afterthought.

Institutional decision cycle lag. DOE’s Distribution System Evolution paper notes that innovation
cycles for DER technologies are roughly two years, while institutional decision cycles in the electric
industry are often five to seven years.% This means even a well-validated 7 feeder twin could
face a multi-year adoption lag driven by procurement cycles, regulatory approval processes, and
organizational risk aversion — independent of technical quality.

55U.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware

667U.S. Department of Energy Office of Electricity, Distribution System Evolution (Apr. 2024), including the three-
stage framework from grid modernization to operational markets to DER optimization, penetration thresholds for
each stage, and the approximately two-year DER innovation cycle versus five-to-seven-year institutional decision cycle.
https://www.energy.gov/sites/default/files/2024-05/Distributed’20System’,20Evolution,20April’%202024 _
optimized.pdf
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Incomplete feeder models. Many utilities, especially rural cooperatives, do not have fully digitized
and validated feeder topology models. A 7 feeder twin is only as accurate as its input topology. In
systems with poor GIS records, stale equipment databases, or unmapped lateral connections, the
first deployment cost includes significant model-building investment that has nothing to do with 7
physics.

Uneven AMI and SCADA maturity. The telemetry substrates on which 7-based DSSE would
run vary enormously across utilities. Large investor-owned utilities in California or New England
may have near-complete AMI coverage with 15-minute reads and distribution automation. A
rural cooperative in the Southeast may have 30-40% AMI penetration with hourly reads and no
smart-inverter telemetry at all. Deployment architecture has to accommodate both extremes.

Regulatory caution around flexible interconnection. While DOE and NREL advocate for
dynamic operating envelopes and flexible interconnection, many state public utility commissions
have not yet accepted these mechanisms in their tariff structures. A utility that wants to use 7-based
hosting-capacity analysis for interconnection screening may face regulatory pushback even if the
physics is correct.

Standards and interoperability constraints. IEEE 1547-2018, IEEE 2030.5, CTA-2045, and
SunSpec protocolsS”%8 define the interoperability landscape for DER communications. Any 7
deployment that does not integrate cleanly with this standards landscape will face integration friction
in the field, regardless of its theoretical properties.

Need for independent validation. No utility will rely on 7 for operational hosting-capacity or
interconnection decisions without independent third-party validation. The credibility pathway runs
through national laboratories (NREL, Argonne, PNNL), EPRI, and ultimately through regulatory
recognition. Building that validation record takes time — likely 35 years from first shadow-mode
pilots to regulatory acceptance in leading jurisdictions.

The right framing is not “physics solved, adoption automatic.” It is:

if 7 is real, the first hard problem becomes institutional translation and utility
integration, not only mathematical correctness.

Public-Good Impact Scenarios Under Realistic-Optimistic - De-
ployment

The scenarios below are planning inferences grounded in official sector data, not official forecasts.

13.1 2-5 Year Horizon: Selected Feeder Pilots and Shadow-Mode Deployment

The most realistic first phase is feeder- and utility-level shadow mode: 7 runs alongside existing
DSSE, hosting-capacity, and interconnection tools; utilities compare outputs against actual feeder
outcomes; interconnection teams use 7 first in advisory mode.

A simple scale proxy shows why this matters. With nearly 800,000 residential PV systems installed
in the U.S. in 2023 alone, even if better feeder visibility and dynamic hosting capacity materially
improved outcomes for only 5-15% of new annual systems — by reducing delay, downsizing, or

STNREL, Impact of IEEE 1547 Standard on Smart Inverters and the Applications in Power Systems (2021),
especially voltage-support requirements under IEEE 1547-2018 via reactive and/or active power control. https:
//wuw.nrel.gov/media/docs/libraries/grid/smart-inverters-applications-in-power-systems.pdf

58SunSpec Alliance, IEEE 2030.5 / CTA-2045 Smart Inverter Communication Standards (2023). SunSpec coordinates
open interoperability standards for smart inverter communications; the standards define data exchange protocols but
not the physics model determining optimal inverter dispatch. https://sunspec.org/
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unnecessary curtailment — that would affect on the order of 40,000-120,000 systems per year.
This is a planning inference, not an official forecast, but it illustrates the magnitude of the opportunity
given DOE’s own baseline.%”

13.2 5-10 Year Horizon: Dynamic Hosting Capacity and Local Flexibility Become Standard
Practice

At this stage, the benefit extends beyond visibility to capital efficiency and process efficiency:
fewer avoidable grid-upgrade triggers, more projects admitted through flexible interconnection, more
use of inverter control and DER. orchestration before hard infrastructure is expanded, and better use
of local DER services for non-wires alternatives.

DOE’s sourcing-DER-services report frames the opportunity in exactly these terms: DER services
can help manage local distribution needs affordably and defer costly infrastructure upgrades while
ensuring reliability.™

13.3 10-20 Year Horizon: Active Distribution Systems with Real DER Orchestration

DOE’s Distribution System Evolution paper describes Stage 3 as DER optimization at greater
than 15% of distribution-system peak, with individual DERs and DER aggregations orchestrated
to support both distribution and transmission needs, plus community microgrids and ultimately
distribution-system-level energy transactions.”!

If 7 is real, one of its most important medium-term public-good contributions may be to make that
stage operationally trustworthy rather than improvisational — grounded in physics rather than in
best-available statistical approximation at scale.

The deepest significance across all horizons is this:

better distributed-PV visibility is not only an observability problem; it is a
precondition for turning millions of small solar assets into a reliable public
infrastructure layer.

Governance and Public-Interest Guardrails

Because distribution systems sit closest to customers and communities, 7 deployment must follow
explicit public-interest principles.

59U.S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%,20DER%20Interc
onnection’20Roadmap . pdf

"0U.S. Department of Energy, Flewible DER and EV Connections / flexible connection strategy materials, describing
dynamic operating envelopes and flexible connection approaches for enabling more distributed resources within
distribution-system operating limits. https://www.energy.gov/sites/default/files/2024-08/Flexible’,20DER}2
0%20EV20Connections’%20July%202024 . pdf

"U.S. Department of Energy Office of Electricity, Distribution System Ewvolution (Apr. 2024), including the three-
stage framework from grid modernization to operational markets to DER optimization, penetration thresholds for
each stage, and the approximately two-year DER innovation cycle versus five-to-seven-year institutional decision cycle.
https://www.energy.gov/sites/default/files/2024-05/Distributed’20System’20Evolution20April%202024 _
optimized.pdf
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141 Human-in-the-Loop and Utility-Accountable First

No immediate autonomous control of customer DER fleets without utility /operator oversight and
clear customer agreements. T-enabled orchestration should augment human decision-making at
Phase 2, not replace it. Autonomous operational control of distribution assets is a Stage 3 capability
that requires validated performance records and regulatory frameworks that do not yet exist.

14.2 Privacy and Secure Telemetry by Design

Behind-the-meter visibility should not become an excuse for uncontrolled data extraction. Individual-
level solar generation data carries privacy implications — it can reveal occupancy patterns, economic
circumstances, and consumption behavior. Secure integration layers, data-minimization principles,
aggregation thresholds, and clear customer consent frameworks are essential from the first deployment
phase.”

14.3 Fair and Transparent Flexible Interconnection

If flexible export limits or dynamic operating envelopes are used, the rules must be transparent,
explainable, auditable, and subject to due process. Customers accepting a dynamic interconnection
envelope must be able to understand what it means and have recourse when they believe it has
been applied incorrectly. Opaque Al-driven curtailment will not and should not earn regulatory
acceptance.

14.4 Public-Good Metrics, Not Only Utility Convenience

Success must be measured not only by fewer engineering headaches for utility operations, but also
by faster and fairer interconnection, more accessible community and rooftop solar, lower curtailment,
and improved reliability and resilience on high-DER feeders. Where 7 deployment only benefits
large utilities and reduces costs without improving public access, it has not fulfilled its public-good
potential.

14.5 Benefits for Smaller and Underserved Utilities

Rural cooperatives, municipal systems, and under-resourced utilities should be able to benefit
from 7-grade feeder visibility without requiring the same capital base or technical staff as large
investor-owned utilities. A deployment architecture that requires $50M in upfront infrastructure to
benefit from 7 will simply replicate the existing digital divide. The rural cooperative use case —
explicitly identified by DOE™ — should be a first-class deployment target, not an afterthought.

"2U.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware

73U.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware
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Cross-Paper Integration Notes

This paper is the second in a five-paper solar portfolio. Key interfaces with adjacent papers:

o Paper 1 (bulk-grid solar forecasting): 7 feeder-state estimation provides the localized
irradiance and net-load boundary conditions that bulk-grid dispatch (Paper 1) uses as inputs.
Better feeder twins improve bulk-grid forecast accuracy by providing more accurate aggregated
distributed PV generation estimates.

o Paper 3 (solar-plus-storage and microgrids): 7 feeder orchestration (this paper) is the
prerequisite for the microgrid formation and islanding management addressed in Paper 3. A feeder
twin that cannot track the distribution network cannot safely manage a microgrid transition.

o Paper 4 (asset protection and long-term planning): Dynamic hosting-capacity maps (this
paper) directly feed into asset protection studies and long-term distribution planning (Paper
4). The long-term planning value of a 7 feeder twin depends on the accuracy of its short-run
operational performance.

o Paper 5 (flexible demand and grid logistics): 7-enabled DER orchestration (this paper)
provides the feeder physics layer that flexible demand coordination (Paper 5) needs to shape
loads without triggering voltage violations or protection miscoordination.

The five papers are designed to be read independently, but the full public-good story requires the
integrated stack.

Bottom Line

Distributed PV visibility and distribution-grid orchestration is one of the clearest near-term 7
deployment stories because the official sector agenda is already moving directly toward these
capabilities.

DOE, NREL, and allied programs already establish that the grid needs better feeder visibility, more
reliable state estimation, more secure BTM data integration, dynamic hosting-capacity tools, flexible
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interconnection pathways, and voltage/protection-aware DER orchestration.”75767778798081

What 7 adds, under the strong assumption, is a shift from “better estimation and control around an
only partly known feeder reality” toward something closer to:

a bounded, law-faithful feeder twin that makes distributed solar visible,
orchestrable, and connectable at much larger scale.

The competitive landscape analysis (Section 6) shows that no incumbent fully occupies the structural
physics layer between data collection and operational control. That is the gap 7 proposes to fill. The
case studies (Section 9) show that the gap has quantifiable consequences — in Hawaii’s months-long
interconnection backlog and in Germany’s €20-40 billion reinforcement uncertainty — and that
closing it has a computable benefit-to-cost ratio. The financing analysis (Section 10) shows that
the public and private funding infrastructure needed to support a serious 7 feeder-twin deployment
already exists, aligned with 7’s stated objectives.

If 7 is real, one of its most practical public-good consequences may be:

it could make millions of small solar assets easier, faster, safer, and fairer to
integrate into the local grid.

That would matter for utilities, regulators, rooftop customers, community-solar developers, rural
and municipal systems, and the broader decarbonization effort. And because distributed PV is still
growing quickly — 800,000 new U.S. residential systems in 2023 alone, 190 GW projected by 2035,
with Germany, Japan, Australia, and the global South following similar trajectories — the value of
solving this problem compounds with every additional feeder and every additional year of adoption.

741.S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan. 2025), including residential
PV growth from 89,000 to 4.7 million, approximately 800,000 new residential systems in 2023, projected distributed
PV growth to 190 GW by 2035, and the four main interconnection barriers (timeline delays, upgrade costs, data
transparency, outdated standards). https://www.energy.gov/sites/default/files/2025-01/i2X%20DER),20Interc
onnection)20Roadmap . pdf

"5U.S. Department of Energy, American-Made Data-Driven Distributed (3D) Solar Visibility Prize (SETO), including
the need for accurate real-time distributed-solar information and DSSE-based visibility tools. https://www.energy.g
ov/eere/solar/american-made-data-driven-distributed-3d-solar-visibility-prize

76U.S. Department of Energy, Integrating Solar into Day-to-Day System Operations, including the behind-the-meter
visibility problem, real-time solar information needs, and consequences for hosting capacity, reserves, reliability, security,
and resilience. https://www.energy.gov/eere/solar/integrating-solar-day-day-system-operations

""U.S. Department of Energy, Enabling Extreme Real-Time Grid Integration of Solar Energy (ENERGISE), including
open-source ADMS/DERMS capabilities — state estimation, voltage regulation, protection coordination, economic
optimization, interoperability, cybersecurity — tested on 20 feeders across two utilities, and feeder visibility plus
solar-forecast-enabled optimization of active and reactive DER settings through a community of inverters. https:
//www.energy.gov/eere/solar/enabling-extreme-real-time-grid-integration-solar-energy-energise

" NREL, Distributed Energy Resource Management Systems, including dynamic PV hosting-capacity estimation,
localized inverter optimization, state-estimation use, online DERMS, and flexible interconnection. https://www.nrel
.gov/grid/distributed-energy-resource-management-systems.html

™1U.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems Integration and Hardware
Incubator Funding Program, especially Topic Area 2 on integrating behind-the-meter solar resources into utility data
systems, including heterogeneous data validation, virtual sensing, and pathways toward full BTM PV visibility for
rural electric cooperatives. https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-y
ear-2021-systems-integration-and-hardware

80U.S. Department of Energy, Flezible DER and EV Connections / flexible connection strategy materials, describing
dynamic operating envelopes and flexible connection approaches for enabling more distributed resources within
distribution-system operating limits. https://www.energy.gov/sites/default/files/2024-08/Flexible’%20DER%2
0%20EV%20Connections20July%202024 . pdf

81U.S. Department of Energy Office of Electricity, Distribution System Evolution (Apr. 2024), including the three-
stage framework from grid modernization to operational markets to DER optimization, penetration thresholds for
each stage, and the approximately two-year DER innovation cycle versus five-to-seven-year institutional decision cycle.
https://www.energy.gov/sites/default/files/2024-05/Distributed’20System’,20Evolution,20April’%202024 _
optimized.pdf

PGID-SOL-02 26 of 33 May 2026 publication-ready release


https://www.energy.gov/sites/default/files/2025-01/i2X%20DER%20Interconnection%20Roadmap.pdf
https://www.energy.gov/sites/default/files/2025-01/i2X%20DER%20Interconnection%20Roadmap.pdf
https://www.energy.gov/eere/solar/american-made-data-driven-distributed-3d-solar-visibility-prize
https://www.energy.gov/eere/solar/american-made-data-driven-distributed-3d-solar-visibility-prize
https://www.energy.gov/eere/solar/integrating-solar-day-day-system-operations
https://www.energy.gov/eere/solar/enabling-extreme-real-time-grid-integration-solar-energy-energise
https://www.energy.gov/eere/solar/enabling-extreme-real-time-grid-integration-solar-energy-energise
https://www.nrel.gov/grid/distributed-energy-resource-management-systems.html
https://www.nrel.gov/grid/distributed-energy-resource-management-systems.html
https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-year-2021-systems-integration-and-hardware
https://www.energy.gov/eere/solar/solar-energy-technologies-office-fiscal-year-2021-systems-integration-and-hardware
https://www.energy.gov/sites/default/files/2024-08/Flexible%20DER%20%20EV%20Connections%20July%202024.pdf
https://www.energy.gov/sites/default/files/2024-08/Flexible%20DER%20%20EV%20Connections%20July%202024.pdf
https://www.energy.gov/sites/default/files/2024-05/Distributed%20System%20Evolution%20April%202024_optimized.pdf
https://www.energy.gov/sites/default/files/2024-05/Distributed%20System%20Evolution%20April%202024_optimized.pdf

Panta Rhei Research Program Public-Good Impact Dossier

17 References

Source: Full manuscript text integrated from Public-Good Briefing draft.
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Dossier accountability addendum

The following addendum records the release-facing accountability layer for this dossier: claim
boundaries, baseline evidence, upstream dependencies, translation assumptions, scenario bands,
scorecard rationales, benchmark requirements, governance guardrails, and related Panta Rhei surfaces.
It is intentionally downstream of the full source argument above.

Impact thesis

A Public-Good Briefing on how 7 could improve distributed PV visibility, feeder state estimation,
hosting capacity, and distribution-grid orchestration for high-penetration solar. The v3 impact
thesis is conditional: a Tau-grade distributed PV visibility and distribution-grid orchestration
twin would become valuable if it improves benchmarked public decisions while preserving
transparent uncertainty, reviewability, and governance control.

18.1 Public-good burden and baseline evidence

A Public-Good Briefing on how 7 could improve distributed PV visibility, feeder state estimation,
hosting capacity, and distribution-grid orchestration for high-penetration solar. The public-good
burden is treated here as an institutional decision problem: existing agencies already monitor parts
of the domain, but the operational handoff from data to timely, auditable action remains incomplete.

18.1.1 External evidence baseline

o U.S. Department of Energy, Distributed Energy Resource Interconnection Roadmap (Jan.
2025), including residential PV growth from 89,000 to 4.7 million, approximately 800,000 new
residential systems in 2023, [7]: source-page evidence item.

o U.S. Department of Energy, American-Made Data-Driven Distributed (3D) Solar Visibility
Prize (SETO), including the need for accurate real-time distributed-solar information and DSSE-
based visibility tools. < [6]: source-page evidence item.

e U.S. Department of Energy, Integrating Solar into Day-to-Day System Operations, including
the behind-the-meter visibility problem, real-time solar information needs, and consequences for
hosting capacity, re [10]: source-page evidence item.

e U.S. Department of Energy, Enabling Extreme Real-Time Grid Integration of Solar Energy
(ENERGISE), including open-source ADMS/DERMS capabilities [8]: state estimation, voltage
regulation, protection coordination, economic optimization, interoperability, cybersecurity - tested
on 20 feeders across two utilities, and feeder visibility plus solar-forecast-enabled optimiz.

« NREL, Distributed Energy Resource Management Systems, including dynamic PV hosting-
capacity estimation, localized inverter optimization, state-estimation use, online DERMS, and
flexible [2]: source-page evidence item.

o NREL, High-Penetration PV Integration Handbook for Distribution Engineers (2016), especially
reverse-power-flow impacts on protection systems, voltage regulators, reverse-power relays, a [4]:
source-page evidence item.

e NREL, The Evolving U.S. Distribution System: Technologies, Architectures, and Regulations
for Realizing a Transactive Energy Marketplace (2020), especially the lack of utility visibility [3]:
source-page evidence item.

e« U.S. Department of Energy, Solar Energy Technologies Office Fiscal Year 2021 Systems
Integration and Hardware Incubator Funding Program, especially Topic Area 2 on integrating
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behind-the-meter solar resource [11]: source-page evidence item.

e U.S. Department of Energy Office of Electricity, Sourcing Distributed Energy Resources
for Distribution Grid Services (Dec. 2024), including the role of dynamic operating envelopes,
flexible interconnection, 80-160 GW DER-service [12]: source-page evidence item.

o U.S. Department of Energy, Flexible DER and EV Connections / flexible connection strategy
materials, describing dynamic operating envelopes and flexible connection approaches for enabling
more distributed re [9]: source-page evidence item.

18.2 Current institutional landscape

The relevant landscape includes public agencies, research infrastructures, standards bodies,
development-finance channels, and domain review communities represented in the evidence base,
including NREL, U.S. Department of Energy. These references are evidence and adoption surfaces,
not endorsements or deployment partners.

18.3 Capability gap
The practical gap is a benchmarkable translation gap: current systems expose useful data or partial

models, but they do not yet provide a single law-faithful, bounded-error decision layer for distributed
PV visibility and distribution-grid orchestration twin.

18.4 Tau framework dependency map

Surface Role in this dossier

Build the Tau-Kernel finite address and scalar foundation

Recover Core Mathematics mathematical bridge and model interface

Derive Physics physical readout and domain translation candidate
Results lane upstream consequences to be mapped precisely during

release preparation
direct-registry-mapping-withheld no direct Registry object is asserted until a substantive
Corpus mapping is available

public-docs-mapping-withheld TauLib module links are asserted only where public docu-
mentation exposes a clear surface

Release Manifest release baseline

Predictions and Falsification empirical accountability route

18.5 Translation assumptions and missing engineering

Required domain model: distributed PV visibility and distribution-grid orchestration twin.

First benchmarkable test: behind-the-meter visibility, feeder hosting capacity, voltage, and orches-
tration outputs against feeder telemetry.

¢ domain-specific model construction
o data ingestion and validation

e benchmark harness

e pilot protocol

e independent review workflow
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18.6 Impact mechanism chain
Public-good burden — external evidence baseline — 7 capability hypothesis — upstream Results /

Corpus / Verify dependency — translation assumptions — benchmarked pilot — governed adoption
pathway.

18.7 Scenario bands

Band Scenario summary Confidence

Conservative A narrow shadow-mode pilot improves one bounded deci- medium
sion task for Distributed PV Visibility and Distribution-
Grid Orchestration without operational authority.

Realistic A reviewed prototype strengthens several public-sector medium-low
workflows for Distributed PV Visibility and Distribution-
Grid Orchestration after benchmark comparison with in-
cumbent systems.

Optimistic A reusable public-good intelligence layer becomes plausi- low
ble for Distributed PV Visibility and Distribution-Grid
Orchestration after external validation and transparent
governance review.

18.8 Impact scorecard

Public-good scale 5/5 The affected public-good burden is large or
institutionally significant within the portfo-
lio.

Tau fit 4/5 The proposed pathway depends on coupled

state, bounded uncertainty, and composi-
tional modelling rather than isolated pre-
diction alone.

Evidence proximity 4/5 The evidence base is anchored in public
institutions, official monitoring systems, or
established scientific reviews.

Measurability 4/5 A first benchmark can be framed against
incumbent public datasets, institutional
records, or operational decision metrics.

Adoption readiness 3/5 Adoption remains conditional on domain
review, governance fit, data access, and in-
stitutional integration.

Equity leverage 4/5 The pathway can prioritize underserved or
vulnerable populations where public access
and safeguards are built in.

18.9 Candidate pilot pathways

distribution visibility pilot with a utility, DER aggregator, and regulator-observable metrics
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18.10 Benchmark suite and success metrics

Public-Good Impact Dossier

Type Incumbent base- Required Tau Success metric Validator
line benchmark
translation current public or in- behind-the-meter vis- pre-registered accu- indepen-
benchmark stitutional systems ibility, feeder host- racy, latency, uncer- dent
in the domain ing capacity, volt- tainty, or decision- domain
age, and orchestra- quality metric reviewers
tion outputs against
feeder telemetry
governance existing audit, disclo- transparent assump- reviewable evidence public-
benchmark sure, and reporting tion, data, model, pack and adverse- sector  or
practice and failure-mode dis- outcome protocol expert gov-
closure ernance
panel
equity bench- current access, documented  path- distributional benefit equity,
mark service-quality, or way for underserved and risk review be- community,
exposure disparities or vulnerable users fore pilot expansion or public-
without hidden interest
exclusion review
process

18.11 Governance and risk guardrails

e Human oversight for any operational use.

e Public benchmark disclosure before institutional adoption.

e Equity access review for underserved or vulnerable communities.

o Data-rights and privacy controls for operational datasets.

o Misuse-prevention and adverse-outcome monitoring.

e Adverse-outcome monitoring with a documented escalation path.

e External domain review before pilot expansion.

18.12 Related Results / Corpus / Verify / Publications

This dossier is downstream of Results, Corpus, Verify, and Publications surfaces. It is not a Registry
object. Direct Registry or TauLib links are asserted only where the mapping is substantive rather

than decorative.

18.13 Bibliography and external evidence

References

[1] Thorsten Fuchs and Anna-Sophie Fuchs. 7 for distributed pv visibility and distribution-grid
orchestration. https://panta-rhei.site/impact/papers/distributed-pv-visibilit
y-distribution-grid-orchestration/, 2026. Current public full-text source for dossier
distributed-pv-visibility-distribution-grid-orchestration.

[2] NREL. Distributed energy resource management systems, including dynamic pv hosting-capacity
estimation, localized inverter optimization, state-estimation use, online derms, and flexible. ht
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-system-operations>, 2026. source-page evidence item.

U.S. Department of Energy. Solar energy technologies office fiscal year 2021 systems integration
and hardware incubator funding program, especially topic area 2 on integrating behind-the-meter
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